S
jögren syndrome is an autoimmune disease characterized by the infiltration of mononuclear inflammatory cells into lacrimal and salivary glands, resulting in glandular damage and dysfunction and thereby the characteristic clinical features of dry eyes and dry mouth. Sjögren syndrome may occur as an isolated disorder, in which case it is termed primary Sjögren syndrome, or it may occur in association with a recognized rheumatic disease, such as rheumatoid arthritis or systemic lupus erythematosus, in which case it is termed secondary Sjögren syndrome. The characteristic autoantibodies seen in the sera of patients with Sjögren syndrome are anti-Ro (or SSA) and anti-La (or SSB). 1 The MRL/MpJ mouse is an autoimmune strain that develops lacrimal and salivary gland inflammation (dacryoadenitis and sialadenitis) and is a model for human Sjögren syndrome. 2, 3 There are two substrains of MRL/MpJ mice, MRL/MpJ-fas ϩ / fas ϩ (MRL/ϩ) and MRL/MpJ-fas lpr /fas lpr (MRL/lpr). The fas lpr mutation produces a defective Fas protein, defective apoptosis of lymphocytes in peripheral lymphoid organs, and systemic autoimmune disease in MRL/lpr mice (e.g., arthritis, glomerulonephritis, vasculitis). 4, 5 In addition to dacryoadenitis and sialadenitis, both strains developed antinuclear antibodies. In addition, MRL/lpr mice have antibodies to Ro and La, 6, 7 making these mice a model for human Sjögren syndrome.
Previous work from our laboratory has demonstrated that the autoimmune dacryoadenitis in MRL/MpJ mice of both substrains appears to be Th2 mediated. 8 -11 Most cells in the infiltrates are CD4 ϩ T cells, though aged (12-18 months) MRL/ϩ mice develop an increasing proportion of B cells. 2, 3, 5 Little or no IFN-␥ and IL-12 are present in the lacrimal gland lesions, whereas substantial IL-4 and IL-10 are present, both by quantitative reverse transcription-polymerase chain reaction assays for RNA and by immunohistochemistry of the lesions for protein. There is significantly greater expression of the costimulatory molecule CD86 (B7-2) in the lesions than of CD80 (B7-1), a result also consistent with a Th2-mediated process. 8, 9 Because the dacryoadenitis in MRL/MpJ mice appears to be Th2 in nature, we evaluated the effect of a dysfunctional mutant IL-4 gene, producing a functional IL-4 "knockout" phenotype, on the lacrimal gland inflammation in MRL/MpJ mice. Because the targeted mutation in these mice produces a truncated and dysfunc-tional mRNA, Western blot analysis for the protein product was used to confirm the absence of IL-4 in these mice, including its absence in the lacrimal glands (data not shown). Groups of approximately 10 MRL/ ϩ/IL-4 tm mice were killed at ages 1, 3, 5, and 9 months. MRL/lpr mice generally do not survive beyond 6 months of age because of systemic autoimmune disease; therefore, MRL/lpr/IL-4 tm mice were killed at ages 1, 3, and 5 months. One lacrimal gland each in mice at each age from each substrain was removed, fixed in formalin, sectioned at 6 m, and stained with hematoxylin and eosin for histology. The second gland was snap-frozen in optimal cutting temperature compound (OCT; Miles, Elkhart, IN), sectioned at 8 m, and used for immunohistochemistry. Kidneys also were removed and processed for histology. Lacrimal glands of five more MRL/lpr/IL-4 tm mice at each age were removed, snap-frozen, and later used for real-time PCR for mRNA for IFN-␥ and IL-13. These results were compared with those of two to four control mice (BALB/c) lacrimal glands at each age. These experiments were approved by the Animal Care and Use Committee at the Johns Hopkins University School of Medicine and were consistent with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
MATERIALS AND METHODS

Mice
Histology
The presence and severity of dacryoadenitis were read by an observer (RAP) who was masked as to substrain and IL-4 status. Lacrimal gland inflammation was graded from 0 to 4ϩ using our previously described semiquantitative modified focus score scale: 0, no inflammation; 1ϩ, scattered inflammation but no foci of inflammation; 2ϩ, at least one focus of 50 or more inflammatory cells; 3ϩ, multiple foci/gland; and 4ϩ, multiple foci plus lacrimal gland destruction. Lacrimal glands from MRL/MpJ mice of both substrains with intact IL-4 genes were used as controls. 3 The severity of renal inflammation in MRL/lpr and MRL/lpr/ IL-4 tm mice was graded from 0 to 4ϩ using our previously described semiquantitative system: 0, no inflammation; 1ϩ, mesangial thickening; 2ϩ, focal and local glomerulonephritis; 3ϩ, diffuse glomerulonephritis; and 4ϩ, diffuse proliferative glomerulonephritis.
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Immunohistochemistry
Immunohistochemistry was performed with a panel of antibodies for cell surface markers and for cytokines using indirect staining and the avidin-biotin-peroxidase-complex (ABC) technique, as previously described. 2, 3, 5 Monoclonal antibodies to cell surface markers included rat anti-mouse CD4 (GK1.5; BD PharMingen, San Diego, CA) 14 and rat anti-mouse CD8 (anti-Lyt2; BD PharMingen). 15, 16 The polyclonal antibody to B cells was goat anti-mouse CD19 (Santa Cruz Biotechnology, Santa Cruz, CA). 17 Polyclonal antibodies to cytokines included goat anti-mouse IFN-␥ (Biosource, Camarillo, CA) 18, 19 and goat anti-mouse IL-13 (Santa Cruz Biotechnology). 20, 21 Monoclonal antibodies to costimulatory molecules were rat anti-mouse CD80 (anti-B7-1; BD PharMingen) 8, 22 and rat anti-mouse CD86 (anti-B7-2, PBL; BD PharMingen).
8,22
Quantitative Real-Time PCR Total nucleic acids were isolated from tissues through homogenization with reagent (Trizol; Invitrogen, Carlsbad, CA). 10, 11 Pure RNA was prepared by treatment of total nucleic acid preparations with DNase1 (RQ1; Promega Life Sciences, Madison, WI), followed by phenol/ chloroform extraction and ethanol precipitation. RNA preparations were assessed for residual DNA by standard PCR using primers targeting the ␤-actin gene. cDNA was prepared for quantitative real-time PCR (qPCR) analyses using the M-MLV reverse transcriptase enzyme (Invitrogen, Carlsbad, CA) and random hexamers as primers, as described previously.
10,11 SYBR-green-based qPCR analysis was used to assess relative transcript levels from host genes. 10, 11 The sequences targeted and the primers used for these studies were generated from GenBank with Gene Runner software. Primers used were as follows: for IFN-␥ 5Ј primer, 5Ј-GGATGCATTCATGAGTATTGC-3Ј and 3Ј primer, 5Ј-CCTTT-TCCGCTTCCTGAGG-3Ј to yield a 126-bp product; and for IL-13 5Ј primer, 5Ј-GCTTATTGAGGAGCTGAGCAACA-3Ј, and 3Ј primer, 5Ј-GC-CAGGTCCACACTCCATA-3Ј to yield an 80-bp product. 23 Primers were confirmed to amplify the predicted products by testing under qPCR conditions. Each assay typically was performed twice, with each sample run in duplicate each time; signals from each sample were normalized to values obtained for the ␤-actin gene, which was run as a housekeeping gene simultaneously with the experimental samples. Analyses were conducted in a sequence detector (PE Biosystems model 7700; Applied Biosystems, Foster City, CA), and data were analyzed using the Sequence Detection Software version 1.9. Results from each run for each mouse were averaged and expressed as the relative level of mRNA transcript. Age-matched samples of MRL/lpr/IL-4 tm and control BALB/c lacrimal glands were performed in each run to control for interassay variability.
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Statistical Analysis
Comparisons between the proportions of cells staining for IFN-␥ and IL-13 and between the proportions of cells staining for CD80 and CD86 were made using the sign test, a nonparametric paired analysis that permits comparison to determine whether more cells stain for IFN-␥ or IL- 13 
RESULTS
Dacryoadenitis was present in MRL/ϩ/IL-4 tm and MRL/lpr/IL-4 tm mice, was characterized by multiple foci of mononuclear inflammatory cells, and histologically did not differ from that in MRL/ϩ or MRL/lpr mice with an intact IL-4 gene. Onset, histologic appearance, and severity (grade) of inflammation (Table 1) were nearly identical. Renal disease was significantly less severe in MRL/lpr/IL-4 tm mice than in MRL/lpr mice with an intact IL-4 gene. Median grades for glomerulonephritis (Table 2) in 3-and 5-month-old MRL/lpr mice with an intact IL-4 gene were 3 for both ages, whereas in MRL/lpr/IL-4 tm mice they were 1 and 1.5 for 3-and 5-month-old mice (P Ͻ 0.0001 and P ϭ 0.005, respectively).
Immunohistochemistry for cell surface markers revealed that the predominant cell type in lacrimal gland inflammation in MRL/ϩ/IL-4 tm and MRL/lpr/IL-4 tm mice was the CD4 ϩ T cell, with approximately two thirds of the infiltrate at various ages composed of these cells (Table 3) . CD8
ϩ T cells constituted 12% of the infiltrates in MRL/ϩ/IL-4 tm and 16% in MRL/ lpr/IL-4 tm mice (P ϭ 0.048). B cells were present in greater (Table 3 ). Mean percentages of inflammatory cells staining for IFN-␥ in MRL/ϩ/IL-4 tm and MRL/lpr/IL-4 tm mice were 66% and 67%, respectively, whereas mean percentages of cells staining for IL-13 were 0.8% and 1.2%, respectively. Mean differences between IFN-␥ and IL-13 staining were 72% for MRL/ϩ/IL-4 tm mice (P ϭ 0.001) and 67% for MRL/lpr/IL-4 tm mice (P ϭ 0.002). CD86 (B7-2) expression ( Fig. 2 ) was observed on more mononuclear inflammatory cells in the lacrimal glands than was CD80 (B7-1) in MRL/ϩ/IL-4 tm mice (11% vs. 3%) and MRL/lpr/IL-4 tm mice (10% vs. 3%). Mean differences between paired CD86 and CD80 staining were 7% for MRL/ϩ/ IL-4 tm mice (P ϭ 0.003) and 5% for MRL/lpr/IL-4 tm mice (P ϭ 0.002).
Quantitative real-time PCR for mRNA demonstrated an increase in lacrimal gland IFN-␥ relative to that in BALB/c control mice and greater amounts of IFN-␥ than of IL-13 in the lacrimal glands of MRL/lpr/IL-4 tm mice (Table 4 ). The mean difference in relative transcripts between IFN-␥ and IL-13 in MRL/lpr/IL-4 tm mice was 28.6 (P ϭ 0.035). Insufficient material was available for analysis of real-time PCR of lacrimal glands from MRL/ϩ/IL-4 tm mice. Among control BALB/c mice there were no changes with increasing age in the amounts of IFN-␥ and IL-13 (data not shown). For the sake of analysis, the results from BALB/c mice of different ages were combined. These qPCR results confirmed those of immunohistochemistry in MRL/lpr/IL-4 tm mice, and IFN-␥ mRNA levels were greater in MRL/lpr/IL-4 tm mice than in control BALB/c mice (mean 43.6 vs. 1.7; P Ͻ 0.0001). Although IL-13 mRNA levels appeared to be modestly greater in MRL/lpr/IL-4 tm lacrimal glands than in those of BALB/c controls, the elevation of IFN-␥ was substantially greater than that of IL-13, consistent with the results of immunohistochemistry.
DISCUSSION
Previous work has suggested that the lacrimal and salivary gland inflammation in MRL/MpJ mice of both substrains with an intact IL-4 gene is mediated by CD4 ϩ T cells and appears to be Th2 in nature. The predominant mononuclear inflammatory cell in the infiltrates in the lacrimal and salivary glands is the CD4 ϩ T cell (Table 5) , 2, 3, 5, 25 and the lacrimal and salivary gland inflammation can be transferred to SCID mice by CD4 ϩ T cells isolated from the salivary glands of MRL/lpr mice. 26 Using both immunohistochemistry (Table 5 ) and quantitative PCR, we previously detected little or no IFN-␥ but substantial IL-4 in the lacrimal gland lesions of MRL/ϩ and MRL/lpr mice with an intact IL-4 gene, suggesting a Th2-mediated process. 8, 9 In addition, there was little to no IL-12 but detectable IL-10 in the lacrimal gland lesions of MRL/MpJ mice of both substrains with an intact IL-4 gene, 7 also consistent with a Th2-mediated process. Although tissue damage in autoimmune diseases typically is said to be a Th1 process, there are other examples of Th2-mediated tissue damage, such as the vasculitic lesions of Palmerston North mice 27 and experimental autoimmune uveitis in IFN-␥-deficient mice. 28 Our data in IL-4 -deficient MRL/MpJ mice are consistent with a Th1-mediated process in which there is a substantial number of inflammatory cells staining for IFN-␥. These mice show little evidence of a Th2 mechanism, as indicated by the absence of IL-13. Our results (Tables 3 and 4 ) contrast with those in MRL/MpJ mice with an intact IL-4 gene (Table 5) in which almost no IFN-␥ was detected.
Traditionally, Th1 processes have been thought to be involved in cell-mediated responses such as delayed-type hypersensitivity, and Th2 processes have been thought to be involved in humoral responses such as allergy. Furthermore, these two types of responses mutually inhibit each other through their respective cytokine profiles. CD80 (B7-1) and CD86 (B7-2) are costimulatory molecules that interact with CD28 and induce Th1 and Th2 responses, respectively. 29, 30 Interventions that interfere with CD80 can convert a Th1 response into a Th2 response, and those that interfere with CD86 can convert a Th2 response into a Th1 response. 29 Furthermore, suppressing Th2-mediated pulmonary allergic responses with CpG oligodeoxynucleotides during antigen challenge in a murine model is associated with increases in IFN-␥, decreases in IL-4 and IL-13, increases in CD80 mRNA expression, and decreases in CD86 expression, 30 all consistent with the reciprocal activities of CD80/CD86 on Th1/Th2 responses.
In Th1-mediated autoimmune models, deficiency of IFN-␥ may result in conversion of the disease process to one that is Th2 mediated. 28 However, deficiency or inhibition of IL-4 alone in Th2-mediated models often results in a Th2-mediated process in which IL-13 (rather than IL-4) appears to drive the process. 31, 32 Therefore, our results showing that a Th2-mediated process in MRL/MpJ mice converts to a Th1-mediated process in the absence of IL-4 are less typical. Nevertheless, the absence of IL-13 and the presence of IFN-␥ in the lacrimal glands of MRL/ϩ/IL-4 tm and MRL/lpr/IL-4 tm mice are consistent with a Th1-mediated process in the dacryoadenitis of IL-4 deficient MRL/MpJ mice.
MRL/lpr mice also develop systemic autoimmune disease. The pathogenic mechanisms involved in the systemic autoimmune disease in MRL/lpr mice are complicated with evidence of Th1-and Th2-mediated processes. Previous work by others reported that IFN-␥-and IL-4 -deficient mice develop significantly reduced lymphadenopathy and end organ disease, including glomerulonephritis, compared with MRL/lpr mice with intact IFN-␥ and IL-4 genes. 12 Our data showing reduced severity of renal disease in MRL/lpr/IL-4 tm mice are consistent with those reported by Peng et al. 12 Although IFN-␥ and IL-4 appear to play important roles in the development of systemic disease in MRL/lpr mice, CD86 appears to play a critical role in disease induction. MRL/lpr mice deficient in CD86 have milder or absent renal disease than do MRL/lpr mice within intact CD86 expression. Conversely, MRL/lpr mice deficient in CD80 develop more severe end-organ disease. 33 Our results suggest that CD86 may also play a key role in lacrimal gland disease. Expression of CD86 is greater than that of CD80 in MRL/MpJ mice of both substrains, regardless of whether IL-4 production is intact 8 or deficient. The surprising aspect of our results is the conversion of a Th2 response to a Th1 response in IL-4 -deficient MRL/MpJ/IL-4 tm mice, despite the greater expression of CD86 than of CD80 in these mice. It is possible that despite the greater expression of CD86 than of CD80 in the absence of IL-4, it is possible that CD80 costimulation drives the immune response toward a Th1-mediated process; our results cannot exclude this possibility. However, the demonstrated critical role of CD86 in systemic disease production in MRL/lpr mice and the absence of IL-13 in the lacrimal glands suggest that CD86 costimulation could produce the Th1 response in the absence of IL-4. Al- though CD86 costimulation typically does not induce a Th1 response, a role for CD86 induction of a Th1-mediated process has been described in the lacrimal and salivary glands of IqI/Jic mice, another model for primary Sjögren syndrome. 34 Studies of minor salivary gland biopsy specimens of humans with Sjögren syndrome have yielded variable results and have suggested Th1 and Th2 processes. [35] [36] [37] Although MRL/MpJ mice appear to have Th2-mediated dacryoadenitis, IL-4 -deficient MRL/MpJ mice appear to have a Th1-mediated process, and both models are consistent with the variable results in humans. [35] [36] [37] In addition, the two substrains of MRL/MpJ mice-MRL/ϩ and MRL/lpr-could be considered models for primary and secondary Sjögren syndrome given the presence of dacryoadenitis, sialadenitis, and autoantibodies (including anti-Ro and anti-La) and the relative absence and presence of systemic autoimmune disease in the two substrains, respectively.
In conclusion, our results demonstrate that in the absence of functional IL-4, a Th2-mediated end organ disease in MRL/ MpJ mice of both substrains is converted to a Th1-mediated disease. Furthermore, they suggest that in the absence of IL-4, CD86 may have a role in this conversion to a Th1-mediated process. Finally, understanding the pathogenesis of the dacryoadenitis and sialadenitis in MRL/MpJ mice may lead to better understanding of the pathogenesis of dacryoadenitis and sialadenitis in human Sjögren syndrome. 
